Purpose The growing availability of new psychoactive substances with unknown toxicity is alarming all over the world. The simplicity of acquiring these drugs of abuse from internet markets has caused an increase in the total number of seizures. We present the first systematic spectroscopic study of methylone and pentylone, which are in the class of synthetic cathinones. Methods High performance liquid chromatography (HPLC) was used for the enantioseparation of methylone and pentylone. The substances were further analysed by the conventional methods of ultraviolet (UV) and infrared (IR) absorption and chiroptical methods, specifically electronic circular dichroism (ECD) and vibrational circular dichroism (VCD). The obtained data were supported with the density functional theory (DFT) calculations using the B3LYP or B3PW91 functional and 6-311++G(d,p) basis sets, including the solvent effects. Results The 3D structure of methylone and pentylone in solution was revealed. Moreover, the chiral separation of both studied substances was achieved and the absolute configuration of the respective enantiomers was determined. Conclusion Vibrational circular dichroism spectroscopy seems to be the best of the methods employed to distinguish structurally similar chiral substances, especially in combination with quantum chemical calculations. According to the structural analysis, 5 and 9 stable conformers of methylone and pentylone, respectively, were revealed in an aqueous solution. Finally, very good agreement between the experimental and simulated spectra was achieved.
Introduction
New psychoactive substances (NPS), compounds structurally similar to already legislatively controlled illicit drugs recently appearing on the drug scene with increasing frequency, pose an increasing global problem. The EU Early Warning System for NPS currently monitors over 670 substances, with 51 reported in 2017 for the first time and 101 in 2014 [1, 2] . In addition, the total number of NPS all over the world monitored by the United Nations Office on Drugs and Crime is 803 individual NPS [3] . In 2016, about 71,000 seizures of NPS were reported through the EU Early Warning and almost onethird of these seizures are of synthetic cathinones [1] .
New psychoactive substances are often considered by users as a safe alternative to illicit narcotics and psychotropic substances, despite the fact that they possess similar structures and psychoactive effects. Structural modification of the parent NPS may often lead to the enhancement of hallucinogenic or psychostimulative effects, e.g. in case of synthetic cannabinoids (THC analogues) and cathinones (cathinone analogues) [4, 5] . Synthetic cathinones (often sold as "legal highs", "bath salts" or "research chemicals") [6] are the second most frequently intercepted NPS. Their effects include empathy, openness, increased energy and libido of consumers, but also dangerous neurological, cardiac and psychiatric 1 3 signs and symptoms [1, 7] . Methylone and pentylone ( Fig. 1 ) studied here are homologues in the class of synthetic cathinones. Unlike natural cathinone, methylone and pentylone both possess the methylenedioxy functional group on the phenyl ring, similarly to the well-known psychoactive substance 3,4-methylenedioxyamphetamine (MDMA), better known as ecstasy. Due to this structural similarity, methylone and pentylone combine the effects of cathinone and MDMA [8, 9] . Their mechanism of action is based primarily on inhibiting the uptake of norepinephrine, dopamine and serotonin by monoamine neurotransmitter transporters [10] . However, the full metabolism in the human body is not yet completely understood.
Methylone and pentylone differ in the length of the α-alkyl chain; methylone contains a methyl group and pentylone a propyl group. According to pharmacokinetic studies on rats [9, 11] , a longer α-alkyl chain causes higher lipophilicity, hence, pentylone exhibits a higher plasma concentration than methylone after dosing the same amount of the pure substance. However, safety data concerning their toxicity on humans as well as information about the side effects of long-term usage are unavailable [3] .
The current trends in the control of NPS demand a fast and reliable analysis. Moreover, methods for a detailed description of their structure are required. However, most studies [12] [13] [14] are focused on the detection of NPS in biological samples (blood, plasma, urine, hair) performed by high-performance liquid chromatography (HPLC) or gas chromatography (GC) with mass spectrometry (MS). For studies on identification of real NPS samples, vibrational spectroscopy techniques such as infrared (IR) or Raman spectroscopy are often used. The advantage of this approach is a fast and reliable analysis, which can even be performed by portable spectrometers [15, 16] .
Molecular spectroscopy is one of the effective tools for the identification of the NPS. Since synthetic cathinones are chiral, chiroptical methods [17] can be used for their detailed study. The chiroptical methods, specifically vibrational circular dichroism (VCD), electronic circular dichroism (ECD) and Raman optical activity (ROA), in combination with theoretical quantum chemical predictions can provide further 3D structural information on NPS in solution, which is crucial, e.g. for the understanding of their biological activity and toxicity [17] [18] [19] . The comparative analysis of experimental chiroptical properties and DFT calculations also allow the determination of the absolute configuration of individual separated enantiomers [20, 21] . Analyses performed by different independent chiroptical spectroscopic methods provide more reliable structural characterizations of the studied molecules [22] [23] [24] .
The precise structural characterization of enantiomers, enabled by the combination of chiroptical spectroscopic methods and DFT calculations, may be helpful for understanding differences in their toxicity. These methods can also be used to determine the presence of a particular drug enantiomer in a mixture of different compounds-a typical feature of synthetic cathinone products available on the Internet [7] . There are many examples that enantiomers of licit as well as illicit drugs have different properties and toxicity. Apart from the widely known Contergan affair [25] , it has already been shown in literature that enantiomers of some widely used drugs of abuse, e.g. ketamine and deschloroketamine possess significantly different properties in terms of pharmacological effect and toxicity [26, 27] . With the increasing number of synthetic cathinones, the need for detailed information on the structure of individual enantiomers and structure-properties relationships is essential. This is due to the fact that naturally occurring active substance is (S)-cathinone, and it has already been documented that (S)-enantiomers of synthetic cathinones are in many cases more potent/toxic than (R)-enantiomers [28] [29] [30] . It is therefore evident that not only simple identification of a substance by analytical methods, but also more in depth structural information is required, and in this case, DFT calculations represent an important tool.
In the continuation of our systematic study of NPS [27, 31] , we introduce a comparison of two NPS homologuesmethylone and pentylone-in an aqueous solution. Employing the methods of VCD, ECD, IR spectroscopy and ultraviolet (UV) absorption spectroscopy supported by the DFT calculations at B3LYP/6-311++G(d,p) or B3PW91/6 311++G(d,p) levels, including solvent effects, we elucidated in detail the 3D structure of both drugs and compared their structural features. Moreover, we performed chiral separation of the studied substances and determined the absolute configuration of the respective enantiomers. 
Materials and methods

Chemicals, reagents
Enantioseparation
Both the analytical and the preparative chiral separation of the drugs were performed using the Waters AutoPurification System (Milford, MA, USA) equipped with a UV-Vis detector (detection wavelength of 254 nm). The analytical separation was performed on a chiral polysaccharide column ChiralArt Amylose-SA (250 × 4.6 mm i.d., 5 μm, YMC Europe GmbH, Dinslaken, Germany) with an analyte concentration of 1 mg ml −1 and a flow rate of 1 ml min −1 at ambient temperature. For the preparative chromatography, an analogous polysaccharide column available in our laboratory-Chiralpak IA (250 × 20 mm i.d., 5 μm, Chiral Technologies Europe, Illkirch, France)-was used. For methylone, the sample concentration was 17.5 mg ml −1 , while in case of pentylone, for which a different mobile phase was required (vide infra), the sample concentration was 4 mg ml −1 . In both cases, at flow rate of 15 ml min −1 and ambient temperature conditions were employed. For analytical chromatography screening, commercially available drugs were dissolved in the mobile phase containing 0.1% of diethylamine. The sample for preparative chromatography was dissolved in a mixture of 1% diethylamine in propan-2-ol (0.45 ml) and a total volume of 1 ml was adjusted by the addition of heptane. In both cases, the addition of diethylamine ensured the liberation of a free base of the drug from the corresponding hydrochloric acid salt.
Electronic circular dichroism
The experimental ECD spectra were acquired using a J-815 spectrometer (JASCO Corporation, Tokyo, Japan) purged with nitrogen gas (purity 99.99%, Siad, Prague, Czech Republic) during the measurement. To measure the ECD spectra, solutions of individual enantiomers of a concentration of 15 mg l −1 in demineralized water (UCT Prague, Czech Republic) were prepared. These sample solutions (3 ml) were pipetted into a quartz cuvette (Hellma, Mül-lheim, Germany) with a pathlength of 1 cm and measured in a spectral range of 185-380 nm at ambient temperature with a 20 nm min −1 scanning speed, 8-s response time, 3 accumulations, and 1 nm band width. The baseline was corrected by subtracting the spectra of demineralized water obtained under identical experimental conditions. The corresponding UV absorption was calculated from the detector HT voltage using the Spectra Analysis module of the Spectra Manager software (JASCO Corporation, Tokyo, Japan).
Vibrational circular dichroism
The VCD and IR absorption spectra were acquired using the FTIR IFS 66/S spectrometer equipped with a VCD/IRRAS PMA 37 module (Bruker, Bremen, Germany), a ZnSe beam splitter (Hinds Instrument, Hillsboro, OR, USA), a BaF 2 polarizer, and an MCT detector (InfraRed Associates, Stuart, FL, USA) [32] . The solutions of individual enantiomers of methylone hydrochloride and pentylone hydrochloride in D 2 O (100 mg ml −1 ) were placed individually into a BioCell cuvette with CaF 2 windows (BioTools, Inc., Jupiter, FL, USA) and an optical pathlength of 27.3 μm. The spectra were measured at ambient temperature in a spectral range of 1750 to 1250 cm −1 with a resolution of 8 cm
. The VCD spectra were averaged from 9 to 12 blocks, each measured for 20 min and containing 3680 interferometric records. The baseline of each enantiomer was corrected by the subtraction of the solvent (D 2 O) spectra measured under identical experimental conditions. The VCD noise spectra were offset from zero for clarity.
Quantum chemical calculations
The starting geometries of (R)-methylone and (R)-pentylone hydrochlorides were optimized using the DFT method at the B3LYP/6-31G(d) level. Reoptimization of the final lowest energy conformers, considering their Gibbs free energies, was performed by the DFT method at several higher levels of theory (B3LYP/6-311++G(d,p), B3PW91/aug-cc-pVDZ, B3PW91/6-311++G(d,p), CAM-B3LYP/6-311++G(d,p), CAM-B3LYP/aug-cc-pVDZ, wB97XD/6-311++G (d,p), wB97XD/aug-cc-pVDZ, and wB97XD/TZVP, Electronic Supplementary Material, Table S1 and S2) using the Gaussian 09 program package [33] . In this work, only the results providing the best level of agreement with the experimental spectra are presented in detail (B3LYP/6-311++G(d,p), B3PW91/6-311++G(d,p)). All the calculations were carried out on a supercomputer Altix UV 2000 (UCT Prague, Czech Republic). In general, 12 processors with total memory of 64 GB were used for individual computation tasks, which took 40-48 h.
The D 2 O solvation effect was considered via the conductor-like polarizable continuum model (CPCM). The DFT calculations of VCD spectra included the effect of deuteration of the amine hydrogens. The population weighted average VCD, ECD, IR and UV spectra were calculated using the Boltzmann distribution based on Gibbs free energy at a temperature of 298 K. The similarity overlaps of the experimental and calculated spectra were undertaken using the CDSpecTech program, based on the similarity of the dissymmetry factor to determine quantitatively the agreement between both spectra and to choose the optimal scaling factor [34, 35] . A scaling factor of 1.0 marks the maximum similarity.
For visualization of the simulated VCD and IR spectra, a Lorentz profile function with a 10 cm −1 bandwidth was assumed. For ECD and UV absorption, the 30 lowest singlet states of each conformer were calculated and Gaussian band profiles with a 12 nm bandwidth were assumed.
Results and discussion
Enantioseparation
Since methylone and pentylone are in the cathinone family, they can be enantiomerically resolved by several different methods including, for example, capillary electrophoresis, supercritical fluid chromatography, and HPLC [36] [37] [38] . However, only some methods from this list can provide pure enantiomers in preparative amounts of the milligram to gram scale. The most prominent method for the separation of chiral substances nowadays is preparative HPLC. We have already employed this method in our previous study focused on the determination of the absolute configuration of butylone [31] , thus HPLC was selected as the method of choice in this study.
Starting from the previously optimized conditions, we have found that although they are in the same family of NPS, methylone, butylone and pentylone exhibit significantly different chromatographic behaviours. Therefore, different methods of chiral separation for methylone and pentylone have been developed; more detailed information on the screening of the mobile phase conditions can be found in the Electronic Supplementary Material. Methylone, as the more polar substance, was resolved using a mobile phase composed of a mixture of hexane/EtOH (4/1, v/v) with diethylamine (0.1%) (Fig. 2) , whereas the more lipophilic pentylone was successfully resolved using a mixture of heptane/IPA (95/5, v/v) with diethylamine (0.1%) (Fig. 3) .
In both cases, automatic fraction collection was set to ensure high purity of the collected enantiomers. In order to assure the stability of the separated enantiomers and to avoid a cyclization reaction occurring for the cathinone free base [39] , the separated substances were transformed to hydrochlorides by adding an etheric solution of hydrogen chloride. Both enantiomers (methylone 1 and methylone 2) were found to be of comparable optical purity with the enantiomeric excess of > 96.3%. This value was still acceptable for the subsequent spectroscopic measurements. For pentylone, even better values of > 99.4% and > 98.9% for the first and the second eluting enantiomers, respectively, were found.
Conformational analysis
The individual (R)-enantiomers of methylone and pentylone hydrochloride were selected for the conformational analysis. Energetically preferred geometries of these molecules were determined by three or five dihedral angles α 1 , α 2 , α 3 , and optionally α 4 and α 5 ( Fig. 1) for methylone and 4 and α 5 by 120° using the MCM software [40] . As a result, 18 and 162 starting geometries for methylone and pentylone, respectively, were obtained. Those geometries were subsequently optimized by the DFT method at the B3LYP/6-31G(d) level of theory. Since most starting structures were converging to the same geometry or their population was too low, conformational analysis revealed all the relevant stable conformers (relative energy < 2 kcal mol −1 ): 5 and 9 for methylone and pentylone, respectively. These stable conformers were reoptimized at a more refined level of theory: B3LYP/6-311++G(d,p) or B3PW91/6-311 ++G(d,p) to provide the final structures (Fig. 4) and their relative abundances based on the Boltzmann distribution (Table 1 ).
All the conformers were stabilized by the hydrogen bonding between the oxygen atom of the carbonyl group and the hydrogen atom of the amino group. From all the conformers of methylone, this interaction most stabilized the structure of the conformer M I, probably resulting in its high relative abundance (85%). The distance of hydrogen and oxygen in the case of the conformer M I was ~ 2.1 Å, for other conformers of methylone this distance was 2.2-2.5 Å. As for the individual dihedral angles (Table 1) , the angle α 1 occupied predominantly two positions that differed by ~ 180°. The total number of stable conformers of pentylone was higher than methylone due to the elongation of the alkyl chain and the associated increase in the number of dihedral angles in the molecule. All 9 conformers of pentylone were also stabilized by the hydrogen bonding between the oxygen of the carbonyl group and the hydrogen of the amino group, with the distance of these atoms being in the range of 2.0-2.2 Å for all the stable conformers. Relatively small differences in the length of this stabilizing interaction may be the reason for the more uniform relative abundances of conformers (33, 26 and 19%) than in the case of methylone.
Electronic spectroscopy
Since the experimental ECD spectra of the first and the second eluting compounds (Fig. 5) were mirror images, the enantiomeric character of the separated products was confirmed. The comparison of the experimental and simulated spectra determined the absolute configuration of the individual enantiomers: methylone 1 and 2 were determined as (R)-and (S)-enantiomer, respectively. On the contrary, pentylone 1 and 2 were determined as (S)-and (R)-enantiomer, respectively. These results could be confirmed further using the similarity overlap plots (Electronic Supplementary Material, Figs. S3 and S4 ). For the correct assignment of the bands in the experimental and simulated spectra, the simulated spectra of methylone were scaled by a factor of 0.96 in order to reach the maximum value of the similarity index. After scaling, a similarity index of 0.85 was achieved in this case. For pentylone, a scaling factor of 0.97 was applied and the corresponding index of similarity reached 0.75. Both results were more than sufficient to reliably determine the absolute configuration of individual enantiomers, which was subsequently confirmed by a detailed VCD spectra analysis. In the experimental ECD spectra of methylone and pentylone hydrochloride (Fig. 5) , six very similar bands reflecting the combination of electron transitions π → π *, n → π * and n → σ * were observed. The bands at 330 nm and partially at 278 nm were mainly an expression of an electron transition from the highest occupied to the lowest unoccupied molecular orbitals (HOMO → LUMO, Fig. 6 ). Three positive and three negative bands in the spectra of (R)-enantiomers were also present in the simulated weighted average spectra of (R)-enantiomers. The spectra of individual conformers of the (R)-enantiomers differed considerably from one another (Fig. 5, top) , indicating the exceptional sensitivity of ECD to the 3D structure of the molecules compared to non-polarized methods (UV, IR). However, the experimental ECD spectra did not allow reliable differentiation between the two studied compounds.
The simulated UV spectra of (R)-methylone and (R)-pentylone hydrochloride correctly predicted four significant bands of the experimental spectra (Fig. 7) . The simulated spectra were scaled by a factor of 0.97 and 0.98 for methylone and pentylone, respectively, and the final similarity and S4). However, this method does not seem to be suitable either for the differentiation of substances differing in the number of -CH 2 groups (since the experimental spectra of both studied compounds did not significantly differ) nor for the studies of the 3D structural changes of the individual conformers. The shapes of the partial spectra (Fig. 7 , top) were very similar, with slight differences up to 10 nm observed in the change of the position of the band maximum at 330 nm. Differences between the intensities of band at ~ 234 nm in the simulated spectra of (R)-pentylone were caused mainly by the change of dihedral angle α 1 : if its value was positive, the intensity of the band was lower. In contrast, the intensity of the band at 270 nm was higher for positive values of α 1 .
Vibrational spectroscopy
The shape of the experimental IR absorption spectra of methylone and pentylone in the spectral range 1750-1250 cm −1 was very similar with a total number of 11 and 9 bands for methylone and pentylone, respectively (Fig. 8) . For the correct assignment of the individual bands and their respective vibrational modes (Tables 2, 3 ), the spectra were scaled by a factor of 0.99 and 0.98 and resulted in a very convincing index of spectra similarity: 0.85 and 0.91 for methylone and pentylone, respectively (Electronic Supplementary Material, Figs. S3 and S4). Looking at the individual spectra of the conformers (Fig. 6, top) , it is worth noting the large influence of the dihedral angle α 1 on the spectral shape. Band 1 was shifted to the lower wavenumbers in the spectra of all the conformers with a positive value of angle α 1 (~ 5°) compared with the spectra of the other conformers. Band 2 was apparent only in the spectra of the conformers with the positive value of angle α 1 (~ 5°), hence the intensity of this band was lower in the averaged spectra and appeared only as a shoulder. In contrast, bands 9 in the spectra of methylone and 8 in the spectra of pentylone were not present in the spectra of those conformers. The bands in this area reflected the bending vibration of the C-H group, including the umbrella bending vibration of -CH 3 . Band 7 in the spectra of methylone and band 6 in the spectra of pentylone were was not present in the structure of pentylone, therefore we did not expect a band reflecting the bending vibration of the C-H group in CH-CH 3 to occur in its IR spectra. This was confirmed by the experimental spectra as well. Furthermore, slight differences in the spectral shapes were observed between the experimental IR absorption spectra of methylone and pentylone hydrochloride (Fig. 8, bottom) , particularly in the spectral range of 1420-1280 cm −1 . Therefore, this method can be used to distinguish structurally similar substances, but, unfortunately, with low sensitivity.
The experimental VCD spectra (Fig. 9, bottom) were presented in the spectral range of 1750-1263 cm −1 because of the high level of VCD noise caused by overabsorption at lower wavenumbers. The simulated VCD spectra were scaled by a factor of 0.98 and 0.99 for methylone and pentylone, respectively, for the correct assignment of the individual bands (Tables 4, 5 ). The resulting index of spectra overlap reached convincing values of 0.86 and 0.70 for methylone and pentylone, respectively (Electronic Supplementary Material, Figs. S3 and S4). In the experimental VCD spectra of (R)-methylone and (R)-pentylone hydrochloride (Fig. 9, bottom) , there were several areas in which individual substances could be reliably distinguished, mainly in a spectral range of 1400-1263 cm −1 , where the molecules not only had a different number of bands but also different spectral shapes. Moreover, that was predicted correctly by the quantum chemical simulations (Fig. 9 , middle). In addition, in the spectral range of 1700-1580 cm −1 , there were different intensities of bands 1 and 2, which was also correctly predicted by the simulations. Our results demonstrating a higher propensity of distinguishing between two structurally similar compounds by VCD than ECD are in very good agreement with the literature [22] . The conformers of methylone and pentylone with a positive value of dihedral angle α 1 again had a distinct spectral shape different from the rest of the conformers, e.g. band 3 in the VCD spectra of both (R)-methylone and (R)-pentylone as well as bands 5, 6 and 7.
Conclusions
The enantioseparation of two cathinone homologuesmethylone and pentylone-by HPLC with UV-Vis detection has been successfully carried out using different methods of chiral separation for individual substances. Furthermore, a detailed structural analysis of both drugs of abuse has been achieved by the methods of electronic and vibrational spectroscopy, specifically conventional UV and IR absorption with ECD and VCD in combination with DFT calculations at the B3LYP/6-311++G(d,p) or B3PW91/6-311++G(d,p) levels of theory, including solvent effects. According to this study, these homologues can be difficult to distinguish solely by ECD or UV absorption. VCD spectroscopy appeared to be the best of the employed methods for distinguishing structurally similar chiral substances, not only in a small spectral range such as IR absorption spectroscopy provides, but essentially across the spectrum, especially in combination with quantum chemical calculations. Structural analysis suggested the existence of 5 and 9 stable conformers of methylone and pentylone, respectively, in an aqueous solution. Finally, very good agreement between the experimental and the corresponding simulated spectra was achieved. Thus, we were able not only to determine the absolute configuration of the individual conformers of methylone and pentylone, but also to describe the molecular structure of both compounds. In conclusion, chiroptical spectroscopic methods confirmed the high potential for structural analysis of molecules significant in the forensic sciences. These data can be helpful in considering the forensic evidence in criminal proceedings. Moreover, the structural analysis performed by the quantum chemical calculations can be used for the understanding of the biological activity and toxicity of the NPS. A detailed knowledge of the 3D structure of the substances may allow not only the detailed study of the binding properties, metabolism, transport or distribution of these substances in the human organism, but also the development of antagonist drugs for overdoses, addictions or poisoning.
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